In this paper, most of the emphasis is on A9918 ethylene vinyl acetate (EVA) used commercially as the pottant for encapsulating photovoltaic (PV) modules, in which the efficiencies in field-deployed modules have been reduced by IO-70% in 4-12 years. Yet, projections were made by several different research groups in the 1980s that the EVA lifetime could range from 2-100 years. We (1) elucidate the complexity of the encapsulation problem, (2) indicate the performance losses reported for PV systems deployed since 1981, (3) critically assess the service lifetime predictions for EVA as a PV pottant based on studies by others for which we review the inherent errors in their assumptions atbout the Arrhenius relation, (4) show how degradation of minimodules in laboratory experiments that simulate reality can produce efficiency losses comparable to those in field-degraded PV modules reported in the literature, and (5) outline an acceptable methodology for making a service lifetime prediction of the polymer encapsulant, including the essential need for relating accelerated lifetime testing to real-time testing with a sufficient number of samples.
INTRODUCTION
The major purposes of this paper are given by (1) through (5) in the Abstract, which are all related to a goal for a 30-year service lifetime for PV systems [I] . The major literature resources have been reported by us in a recent critical review chapter [l]. Man-made solar-energy conversion systems such as PV modules are subjected to a unique set of stresses that may alter their stability and, hence, their performance and life-cycle costs, in addition to the initial costs of the systems. We focus on the stresses relevant to EVA. The stability of EVA is (or potentially is) affected by the following: ultraviolet (UV) insolation including wavelengths and intensity; temperature and its cycling (T and delta T); stabilizing additives and their concentrations [A] ; gases present (e.g., humidity and oxygen) and their concentrations [GI; impurity ions present and their sources [M+]; degradation products and concentrations [D] ; contact with interfaces including adhesives and primers (I) ; electric fields (E); electron transport (e); processing during manufacture, extrusion, lamination, and curing, including the influence on the resultant structure and bulk properties [PI; interphase thickness; and the synergism of all of these variables [2] . The photo-oxidation of Elvax 150TM (Du Pont)in either A991 8 or 15295 EVA may result in changes in the optical, mechanical, dielectric, permeability, and chemical properties, all of which may compromise the designed function of the encapsulant. The stability of the polymer depends on chemical kinetic reactions, and each of the many possible reaction paths is governed by an activation energy, which may range from zero kJ/mol (nonactivated) to more than100 kJ/mol. Although one reaction usually dominates at a particular temperature, the ratecontrolling reactions may be different, even over relatively narrow temperature ranges [2] . A critical component of a PV module is the polymeric pottant that provides structural support, optical coupling, electrical isolation, physical isolation/protection, and thermal conduction for the solar-cell assembly [3] . A list of specifications and requirements for pottants is available [3] . To be economically and practically useful, the pottant has to meet the requirements of low cost, good processability, high optical transmission, high dielectric constant, low water absorptivity and permeability, high resistance to UV degradation and thermal oxidation, good adhesion, mechanical strength, and chemical inertness.
PV CELL AND MODULE ENCAPSULATION AND LOCATION OF POTENTIAL DEGRADATION
The four basic functions of the materials in a PV module encapsulation system have been summarized [I ,3] , in which the encapsulation provides all necessary functions except for the cell materials and the balance of system (BOS) for conducting the generated electricity from the module outlet terminals. A cross-section of a contemporary multilayered configuration of an EVAencapsulated PV cell is shown in Fig. 1 W e emphasize the complexity of the entire module because most of this article is concerned with the yellowing or discoloration of EVA. Thus, for the desired service lifetime to be reached, we must not only use a suitable polymer, but we also must establish that o t h e r degradative reactions are too slow to impact the performance adversely over 30 years. After the requisite stability of the "bulk" materials is achieved, interface reactions are known to be thermodynamically driven because of the higher free-energy state of atoms at interfaces 141. A further need may then be to choose the different materials carefully to permit achieving a 30-year "stability" or to modify the interfaces for attaining the same goal.
ANCE LOSSES OF PV SYSTEMS
The effects of the discoloring EVA reactions on its properties, color changes in field-deployed modules, simulated degradation in the laboratory, and characterization methods have been summarized previously [5, 6] . The known degradation mechanisms (e .g . , p ho tot h er m al , t h er moc he m ical , and Cy aso r b photodecomposition) were also summarized along with those not studied [1, 5] .
In our initial evaluation of observed degradation in deployed PV systems, we reported that EVA discoloration had only been reported for modules in hot-and-dry or hot-and-humid climates (i.e., site locations and maximum operating temperatures are important) [5] . The discoloration ranged from light yellow (least) to dark brown (greatest), in which the greatest percentage performance losses are qualitatively correlated with the greatest discoloration (dark brown). A recent survey and site visits confirmed our qualitative observations [ 7 ] , but detailed analysis shows the variances are large, i.e., the same class of modules with the same visual discoloration can have widely varying power outputs [ l ] . The qualitative and quantitative performance losses in large-scale PV systems have been summarized [1, 8] .
EVA STABILITY AS AN ENCAPSULANT
From a technological perspective, knowing the rate of degradative reactions is crucial to predicting the service lifetime of a device. The reactivity of some polymeric materials in an environment of solar irradiation, thermal and humidity cycles, and mechanical stresses are clear limitations. For considering the established degradation mechanisms of EVA, which is a random copolymer of ethylene and vinyl acetate, the copolymer is 33% (by weight) vinyl acetate and has an average molecular composition of -(CH2-CH2)6.14-(CH2-CHAc)-in which Ac is the acetate pendant group, -0COCH3.
The major sequences of the photothermal degradation of EVA have been summarized [I] and are a composite of several published reports on the thermal and photothermal stability of polyvinyl acetate and EVA [l].
The principal reactions are Norrish Type II to produce acetic acid and polyenes (the discoloring chromophore) or Norrish Type I to produce acetaldehyde gases, e.g., CO, C 0 2 , CH4. Pern and investigated the general degradation mechanisms of stabilized, cured EVA throygh a series of simulated degradation experiments. Their results indicate that the EVA discoloration results primarily from the formation of polyconjugated C=C bonds (polyenes) by multistep deacetylations and a , P-unsaturated carbonyl groups [6] .
Furthermore, acetic acid that is produced by thermal and photothermal decomposition exhibits an autocatalytic effect on the EVA yellowing [5] . Detailed absorption spectra [6] illustrate the effects of structural changes of the absorbing {and fluorescent) chromophores in EVA om various thermal and photothermal treatments. During the EVA discoloration, a competing photobleaching reaction also plays an important role in the presence of air (02) [I] . Degradation mechanisms are induced from photo-, thermal-, photothermal, HA alyzed, and metal and metal-ion catalyzed effects.
reviewed all of these in detail [l], as well as as of photobleaching of discolored EVA and photothermal degradation of additives in EVA, especially Cyasorb UV 531TM and Lupersol 101 .TM
ACCELERATED SERVICE LI
No studies have been carried out to date that can be used to predict a service lifetime of the EVAs or any other potential replacement as an encapsulant in a PV module. During our literature reviews [1, 8] and through our interactions with the PV industry since 1990, we have encountered serious oversimplifications and misconceptions about correctly interpreting the meaning of accelerated lifetime testing and predicting the service lifetime for PV cells, modules, arrays, and systems. The most discouraging assumption is that "reaction rates double for each 10°C i ' temperature." This "rule of thumb" is based ~~~i~~~ about a l l chemical reactions col nd does not consider the specifics of applying k=A exp (-EA/RT), the Arrhenius equation, to the d o m i~a~i~ degradative reaction. In applying this equation, it is that (a) the value of EA is for tk the mechanism involved in the dominant reaction does not change with temperature, and (c) EA is independent of temperature over the range of any extrapolation. It is also implicit that the reactions occurring under accelerated conditions are the same as the reactions under the reality of normal operating conditions; e.g., the reactions of a free-standing polymer exposed in air cannot simulate those of a polymer in an encapsulated PV devic reviewed [8] for the variables actually used in the prior studies, and the lifetime projections are typically in error because variables have been selected incompletely in the test matrix, reality has not been properly simulated, or the Arrhenius relationship has been improperly applied. None of the investigators we cite [a] could claim (a), (b), an for their projections. The examples ranged from using a highly accelerating thermal oxidative environment in the absence of UV to incorrect statements about the concentration of degradation products,
Specific examples of projected lifetimes
The greatest error made by those using the "rule of thumb is in prescribing a value for EA for an unknown reaction mechanism. For example, the plot in Fig. 2 shows the rate of reaction k for a series of activation energies in which k has been arbitrarily assigned a value Finally, other errors result from the "rule of thumb" because EA must have a precise value at a particular temperature to yield the doubling factor; so those using the generalization are assigning a value to EA without determining it experimentally [1, 8] . Finally, reaction rates may also depend on synergistic influences; in the case of polymers, photothermal degradation is typically 5 to 10 times that for thermal degradation alone. This is the most serious error made in the work in the 1980s. Their accelerated test conditions (did not simulate the reality of UV, T, RH, confinement of EVA in a multilayer stack in which the degradation products are restricted from outward diffusion, and where the device is actually operating to produce a current. The complexity of making a service lifetime prediction is easily illustrated from two known and competing reactions, i.e., the formation of polyenes (that result in chromophores) that cause the discoloration and photobleaching reactions that will eventually eliminate the discoloration. The criteria niecessary for making successful service lifetime predictions from accelerated testing include that (a) the accelerated test must not alter the degradation mechanism(s); (b) the mechanisms and activation energies of the dominant reaction(s) at normal operating conditions and accelerated test conditions must be the same; (c) both the specimens (including materials and components only) and accelerating parameters (UV, T, RH, product entrapment, etc.) must simulate reality; (d) full-sized cells andlor modules must be used in both the accelerated and real-time tests; (e) the time-dependent performance loss (e.g., power loss for PV modules) must be correlated with the degradative reactions; and (f) a sufficient number of samples must be used so the distribution of degraded devices can be accurately modeled. Obviously, predicting a service lifetime requires a definition of "failure," i.e., what loss in efficiency is acceptable after how many years; failure has not been defined for PV modules, even though power losses of 1% to 2.5% per year are typically being observed and reached 10% per year at Carrisa Plains.
PV CELL EFFICIENCY LOSSES
Only two crucial matters are ultimately of concern when considering the EVA discoloration phenomenon, i.e., do the degradative reactions limit the lifetime of the PV module, and does the discoloration cause direct efficiency losses. Incredibly, measurements of the latter for individual cells and/or modules have received almost no attention. Performance (efficiency) measurements on individual modules have only been reported on individual modules on a post-mortem basis for Carrisa Plains modules and on 189 modules in Israel that were retrofitted for I-V measurements after 5 years [I] .
For individual cells, we reported on one postmortem attempt on a retrofitted cell from Carrisa Plains [5] . Pern has carried out one detailed study on single-cell minimodules as a precursor to future studies in which we plan to correlate performance changes with encapsulant and other degradation in the cells [9] . Although degradation processes in cells are complex (Fig. l) , a number of complications from individual modules are eliminated, e.g., interconnect degradation, cell/module mismatch, and differences in degradation in each cell that are averaged for the entire module.
In his study comparing the effects of thermal, photothermal, accelerated, and simulated, degradation on the EVA-encapsulated solar cells, Pern [9] showed that the losses in short-circuited current (Isc) and efficiency because of net reduction in light transmission by EVA browning are more than 13% and 19%, respectively. Figures 3a and 3b give an example showing the continuously decreasing spectral response (absolute quantum efficiency) as the EVA film discolored increasingly to a light yellow color in the solar cell heated in an 85'C oven for 198 days (Fig. 3a) or to a brown color when exposed to an RS4 UV light source at 85°C for 198 days. All solar cells showed little change in open-circuit voltage (Voc) or fill factor (an important quantitative relationship for describing the performance of PV cells and modules), except for the noticeable decreases in Isc caused by EVA discoloration. Electrically, except for one solar cell, no significant change in the series resistance was measured (by dark I-V) for the solar cells studied over the 198-day period [9] . complexity or simplicity of the multiplying factor from ALT to those for R7T, and the service lifetime will be estimated based on the interpretation of all the data acquired. 
TEST PROTOCOL FOR FUTURE WORK
Our protocol for future work will be based on preparing minimodules as active devices consisting of the multilayer stack: glass or polymer superstrate with or without a UV screenlpottant polymerlactive PV device with an antireflective coating and base contact/polymer/substrate.
The active devices will be of the same construction as those in contemporary modules and be a minimum of 5 cm x 5 cm (2" x 2") and a maximum of 12.5 cm x 12.5 cm (5" x 5'7, with output leads suitable for obtaining I-V and efficiency measurements. Identical test specimens will be subjected to accelerated testing in controlled T and RH chambers and (a) a xenon light source of 1, 2, or 3 suns, (b) a condensed xenon light source (solar simulator) of 3 to 12 suns from 290 nm to 400 nm in which the test variables simulate reality. We also would like to be able to subject specimens to UV accelerated testing in an outdoor environment in which the minimodule T will be maintained at normal operating temperatures, but natural sunlight will be concentrated from 5 to 10 times. Finally, we would also like to deploy minimodules to at least six sites in the United States with representative and carefully recorded natural environmental exposure conditions. Specimens at these "real-time testing" sites would be periodically monitored for their efficiency. Degradation mechanisms will be deduced from specimen "failures" from accelerated lifetime testing (ALT) and real-time testing (RlT). When they are the same, models will be developed to relate the
